Abstract The accumulation of volatile fatty acids such as acetic acid can cause reactor pH problems and the inhibition of microorganisms utilised in anaerobic digestion processes. A cross-flow membrane process using Teflon and ion-exchange membranes was investigated as a means of separating acetic acid from pure acetic acid solution and rumen fluid. Acetic acid transfer across the Teflon membrane was dependent on the free acid concentration (CH 3 COOH) in the acid solution. Concurrent transfer of water was minimal due to the hydrophobic nature of the membrane. The strong base anionic exchange membrane facilitated the separation of acetic acid from both pure solutions and rumen fluid with flux again being dependent on the free acid gradient across the membrane. Flux rates were lower than other studies of diffusion dialysis, however, this may be partly attributed to improper preparation of the membrane. The currently achieved rates of transfer using these membranes are very low and are therefore not yet suitable for full-scale use in anaerobic digestion. Additional research is needed to achieve higher trans-membrane transport rates at reasonable costs.
Introduction
Microorganisms utilised in anaerobic digestion processes can be inhibited by the build-up of volatile fatty acids (VFAs) and by the associated drop in pH during fermentation (Speece, 1996) . In conventional systems, a relatively high throughput of liquid is required to remove fermentation end products but this can cause problems with the retention of slow-growing microorganisms. A novel application of a membrane process is proposed to allow the selective removal of VFAs generated by acidogenesis, thereby avoiding inhibitory effects.
The use of membranes in anaerobic digestion has previously focussed on using microfiltration and ultrafiltration to prevent the washout of slow-growing microorganisms in the process (Elmaleh and Abdelmoumni, 1998; Choo and Lee, 1998) . The same concept has also been applied to aerobic activated sludge process designs as a means of increasing the biomass concentration and therefore producing a higher degree of treatment per unit of process volume (Stephenson et al., 2000) .
In this study we propose to use a membrane process to selectively remove volatile fatty acids (with a focus on acetic acid) from anaerobic fermentation while minimising the concurrent movement of water. In this way, the possibility of a two-stage anaerobic process whereby VFAs are transferred from the acidogenesis stage to the methanogenesis stage via a membrane is possible, similar to that suggested by Lee et al. (2001) . Another potential use for VFAs is as a carbon source for biological nutrient removal processes, therefore eliminating the requirement of a separate prefermenter.
The separation of VFAs has been studied in two different contexts; in the production of acetic acid and in animal science. Firstly, in the chemical production of acetic acid, pervaporation is used to separate and concentrate acetic acid from aqueous-organic mixtures following synthesis (Durmaz-Hilmioglu et al., 2001; Huang et al., 2001) . The recovery of acetic acid from production waste streams has also been studied recently and the separation of acetic acid/water mixtures is important to the chemical industry (Durmaz-Hilmioglu et al., 2001) . In addition to chemical synthesis, the production of VFAs by biochemical processes such as fermentation is becoming a major commercial interest. Liquid membrane methods used for acid extraction from synthesis processes are not suitable for fermentation due to the sensitivity of microorganisms to solvents and extractants used in these processes. Wodzki et al. (2000) presented a hybrid system comprising of polymer membranes and a bulk liquid membrane to separate acetic and propionic acid from fermentation broth.
The second field of application of membranes was the use of dialysis to remove VFAs from in vitro rumen simulations in animal science (Rufener et al., 1963; Abe and Kumeno, 1973) . The process allowed a reduction in the operating dilution rate of the reactor and also aimed to simulate the removal of VFAs in animals by absorption across the rumen wall into the bloodstream.
The application of Teflon (PTFE) membranes to wastewater treatment has been limited despite the inherent properties of fouling resistance and stability. The use of a PTFE-coated ceramic membrane was demonstrated by Nomura et al. (1997) to give better detachability of the cake which forms on the surface when operated for the filtration of activated sludge. PTFE membranes have also been demonstrated as having a low fouling tendency in the filtration of anaerobic biological mixed liquor (Choo and Lee, 2000) . Lee et al. (2001) utilised a membrane comprised of mixed esters of cellulose (pore size 0.5 µm) to extract organic acids from the acidogenic reactor of a two-stage UASB process treating piggery wastewater. Fouling effects hampered operations but were reduced using a prefilter, backwashing routine (5 secs every 10 min permeation) and manual cleaning. Cellulose mixed ester membranes are hydrophilic and would therefore not be suited for preferential transport of VFAs. This study shows potential for such a two-stage anaerobic process utilising membranes but also highlights the requirement of a suitable membrane to avoid fouling problems.
The use of membranes as a biofilm support could also be utilised in such an arrangement with a methanogenic biofilm utilising VFAs as they are transferred. The use of hollow fibre membranes as support for an anaerobic biofilm for the treatment of acetate solution has been simulated by Ilias and Schimmel (1995) .
Two different membrane types were investigated in cross-flow mode; Teflon (microfiltration) and ion exchange. This type of configuration is technologically simple and has the possibility of being retrofitted to existing treatment processes. It has to be noted that the aim of this work was not to separate solids compounds (e.g. biomass) from the liquid stream, but to achieve a selective transport of acetic acid to remove it from the fermentation liquid. As such, pressure driven membrane processes were not considered, and the transfer of water was kept to a minimum in these experiments.
Experimental procedure
Batch experimental trials were carried out to test the efficiency of transfer of acetic acid over different membranes in cross-flow mode. The general configuration of the membrane rig was as shown in Figure 1 .
Two solutions (referred to as acid and water) were continuously circulated through the membrane unit by peristaltic pumps. For the Teflon and ion exchange membranes, a dualhead pump was used to provide identical flowrates on either side of the membrane to avoid pressure differentials.
During the experiments, various parameters were monitored including total acetate concentration, pH and temperature. Acetate concentration was determined on 1 mL samples preserved with 10% phosphoric acid by use of a gas chromatograph (J&W Scientific column DB-FFAB, 30 m, ID 0.53 µm).
The acid solutions of varying strength used in the studies were prepared using water and pure acetic acid (Merck K28644055051) which was then adjusted to the appropriate pH by the addition of sodium hydroxide solution (20%, Wilhelm Graen 1310-73-2). The pH was varied over a range of 2.6 to 7.25 corresponding with dissociation ratios of acetic acid to acetate (CH 3 COO -) of 0% to 100%. Trials were also conducted with strained rumen fluid sourced from a freshly slaughtered animal and diluted 1:4 with water. The concentrations of acetate, propionate and butyrate in the rumen solution were 1,900 mg/l, 520 mg/l and 19 mg/l respectively.
The Teflon (Dyneon™ PTFE or polytetrafluoroethylene) membrane utilised was produced by the extrusion of Teflon powder into a thin sheet followed by stretching in order to generate macropores suitable for membrane processes. Two different stretch ratios (1:2 and 1:4) were used, Figure 2 shows a comparison by scanning electron microscope of the two types.
It can be seen that the vertical filaments of the membrane extend during stretching, thereby increasing the pore size, but the number of pores does not change appreciably (Janknecht, 2001) . However, in the stretching process, a relatively large open pore crosssection is generated. In the module used for experiments with the Teflon membrane, the water was passed over the surface of the membrane while the acid was circulated through a tortuous chamber that was separated from the underside of the membrane by a fine wire mesh. The effective area available for mass transfer was 125 cm 2 . Studies of the Teflon membrane were carried out at two different flowrates of the respective solutions (namely Source: (Janknecht, 2001) 3 L/min and 1.74 L/min) which were identical to minimise any pressure differentials across the membrane.
The second membrane type used was an AFN strong base anionic electrodialysis membrane (Eurodia Industrie, Wissous, France) with an area of 369cm 2 , and operated in cross-flow mode. A peristaltic pump was used to circulate the acid and water solutions at 0.405 L/min on either side of the membrane. The manufacturer-quoted thickness of the membranes was between 150 and 200 µm.
Results and discussion

Teflon membrane
Acetic acid transfer across the Teflon membrane was dependent on the free acid concentration (CH 3 COOH) in the acid solution. The free acid concentration is calculated from total acetate concentration and the degree of dissociation, an equilibrium reaction which is a function of pH. A plot of acetate flux at varying free acid concentrations and two stretch ratios is shown in Figure 3 .
Due to the hydrophobic nature of the membrane, transport of the uncharged free acetic acid form (HAc) through the Teflon membrane was preferred. This effect is related to the repulsion of water (hydrophobicity) by Teflon since the acetate ions would need a continuous water phase or some counter-ion to be transported across the membrane. There was no discernable transfer of water in any of the experiments using this membrane as measured from the volumes of both solutions. The use of a multiple-head pump maintained similar flowrates on either side of the membrane thereby minimising any pressure difference between the sides. In all cases, the pressure difference was far lower than the approximately 20 kPa to achieve pore penetration as estimated by Janknecht (2001) . The concentration gradient was therefore the sole driving force for transfer across the membrane. This is in agreement with Wodzki et al. (2000) who observed a similar trend with the transfer of acetic and propionic acid across various hydrophobic bulk liquid membranes. A range of flux values from the lower end of the chart above are given in Table 1. A slight improvement in acetate flux can be noted at the higher stretch ratio of 1:4 (compare 8,700 mg/l and 7,700 mg/l entries on Table 1 ). Stretch ratios up to 1:10 are possible (Janknecht, 2001 ) but as the stretch ratio is increased, an undesirable reduction in mechanical strength occurs.
Short trials using the rumen solution were inconclusive with regard to acetate transfer with extremely low amounts of acid transferred despite a lowered feed pH of around 5. 
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Plot of Acetate Flux versus Free Acid Concentration
Electrodialysis membrane
The strong base anion electrodialysis membrane allowed transfer of acetic acid from the acid solution and rumen solution to water. Figure 4 shows the amount of acetate transferred, the driving force for transfer and rumen pH.
It is apparent that the amount of transferred acetate levelled off as the free acid concentration gradient diminished. This indicates that again free acid is the species transferred in this system. A concurrent rise in pH occurs which drastically lowers the amount of free acid present in the rumen solution feed and therefore the driving force for the separation.
Flux rates for acid transfer are summarised in Table 2 for two different solutions. These were calculated from the first 3 hours of the batch trials before the decline in transfer rates. As expected the flux for the aqueous acetic acid solutions was approximately proportional to the free acid concentration, however, the rumen solution gave a higher flux than that predicted from the pure solutions.
Similar studies of this process (also known as diffusion dialysis) have been carried out by other authors. The results are summarised in Table 3 .
Diffusion dialysis is a membrane process in which acid migrates across the membrane via a concentration gradient. The use of anionic membranes is significant as these membranes allow the passage of anions but block cations with the exception of the hydrogen ion (H + ) which is too small and mobile. In order to maintain electroneutrality, when a negative charge passes across the membrane, either the counter movement of a negative charge must occur or a positive charge such as the hydrogen ion must follow the initial movement. The rate of acid transport is therefore dependent on the rate of hydrogen ion transfer (Zheleznov et al., 1998) . At feed concentrations up to 0.5M, which are similar to those used in this study, a reaction-diffusion (reaction with functional groups on the membrane) mechanism is prevalent for weak acids such as acetic acid when transferred across strongly basic polymer membranes (Wodzki and Nowaczyk, 1999) . At concentrations above this, a prevailing permeation of acid through the swollen gel of the membrane is observed. Diffusion dialysis is a commercially viable process particularly for the recovery of mineral acids from mixtures of acid and dissolved metals (Elmidaoui et al., 1995) .
The comparison shows that fluxes achieved with our membrane were lower than those recorded in literature for similar acetate concentrations and using a similar strong base anionic membrane. This can be attributed to our studies being undertaken in a pH range of 5.5 to 6.5 whereas pure acetic acid was used in the other studies (pH 2.7).
A minor amount of sodium acetate transfer would occur in these studies as leakage due to the membrane selection efficiency being imperfect.
The dependency on trans-membrane free acid concentration difference is highlighted by the flux rate for rumen (free acid concentration = 680 mg/L) being higher than that of an acid solution of higher total concentration (free acid concentration = 320 mg/L).
A degree of variability was introduced into the experiments by the absence of a conditioning step prior to the trials. Including this step allows a standardised membrane material to be obtained (Wodzki and Nowaczyk, 1997) by ensuring all binding sites are full. This is usually carried out by immersing the membrane into an identical feed acid solution for an extended period of time then rinsing in distilled water to remove any free acid from the membrane internal aqueous phase (Wodzki and Nowaczyk, 1999; Zheleznov et al., 1998) .
A higher rate of acetate transfer relative to the Teflon membrane indicates that the use of diffusion dialysis may be of future interest at a larger scale in wastewater treatment. The membranes have good stability and a long operating life except in highly concentrated acids. Fouling of these membranes would have to be further investigated to assess suitability for this application.
The rates of acetic acid removal achieved in these studies are still too small for practical applications. When calculating the required membrane area for an anaerobic digestion process to remove the generated acetic acid, it becomes clear that the membrane size would hardly be practical and certainly not commercially sensible. However, further investigations could well achieve significant improvements of the flux rates achieved so far, and then this option could offer some interesting opportunities in gaining valuable products from waste treatment processes.
Conclusions
Both the Teflon and ion exchange membranes facilitated the transfer of acetic acid from pure acid solutions with flux rates dependent on the free acid concentration gradient across the membrane. The separation of acetic acid from rumen fluid was also undertaken successfully using the ion exchange membrane. Both membranes displayed the desirable property of minimal water transfer over the batch experiments. The application of such membranes to full-scale anaerobic digestion is not warranted at this stage due to the low flux rates and a high dependency on process pH. But the potential for significant improvements certainly exists and additional research is needed to achieve higher trans-membrane transport rates at reasonable costs.
